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ABSTRACT Junctophilin (JP) mediates the close contact between cell surface and intracellular membranes in muscle cells
ensuring efﬁcient excitation-contraction coupling. Here we demonstrate that disruption of triad junction structure formed by the
transverse tubular (TT) invagination of plasma membrane and terminal cisternae of sarcoplasmic reticulum (SR) by reduction
of JP expression leads to defective Ca21 homeostasis in muscle cells. Using adenovirus with small hairpin interference RNA
(shRNA) against both JP1 and JP2 genes, we could achieve acute suppression of JPs in skeletal muscle ﬁbers. The shRNA-
treated muscles exhibit deformed triad junctions and reduced store-operated Ca21 entry (SOCE), which is likely due to
uncoupled retrograde signaling from SR to TT. Knockdown of JP also causes a reduction in SR Ca21 storage and altered
caffeine-induced Ca21 release, suggesting an orthograde regulation of the TT membrane on the SR Ca21 release machinery.
Our data demonstrate that JPs play an important role in controlling overall intracellular Ca21 homeostasis in muscle cells. We
speculate that altered expression of JPs may underlie some of the phenotypic changes associated with certain muscle
diseases and aging.
INTRODUCTION
Ca21 acts as an important second messenger in many cellular
signal transduction pathways. Two principle sources mod-
ulate Ca21 homeostasis in the cell: channels in the plasma
membrane (PM) that open to allow external Ca21 to enter the
cell, and internal stores sequestered in the endoplasmic re-
ticulum (ER) or sarcoplasmic reticulum (SR) that release
Ca21 following diverse stimuli. Cross talk between extra-
cellular Ca21 entry and intracellular Ca21 release is an essen-
tial mechanism to shape the dynamic aspects and spatial
coordination of Ca21 signaling (1,2). In striated muscle cells,
the transverse tubular (TT) invagination of PM contacts the
terminal cisternae of SR to form a triad junction, establishing
a structural framework for external regulation of intracellular
Ca21 release (3).
Junctophilin (JP) is a unique protein that spans the junc-
tional gap between TT and SR in muscle cells and mediates
peripheral coupling between PM and ER in neuronal cells
(4,5). In mammalian excitable cells, four JP subtypes derived
from different genes have been identiﬁed: JP1—predomi-
nantly present in skeletal muscle, JP2—expressed in cardiac
and other muscle cell types, and JP3 and JP4—mainly lo-
cated in neuronal tissues (5). Genetic ablation of JP2 in mice
increased the junctional gap distance in cardiomyocytes,
resulting in reduced Ca21 transients and embryonic lethality
(4). Similarly, JP1 knockout mice exhibited skeletal muscles
with deformed triad junctions and died shortly after birth (6).
Although these ﬁndings indicate the importance of JP2 in
embryogenesis and JP1 in neonatal development, the le-
thality associated with germ-line ablation of either JP1 or JP2
prevents physiological evaluation of JPs in the maintenance
of Ca21 homeostasis in adult striated muscles. Indeed, this
mirrors a prevalent challenge in aging studies as the function
of essential genes, the absence of which would lead to embry-
onic lethality, cannot be studied in aging animals using con-
ventional knockout approaches.
In this study, we used adenoviral-mediated delivery of
small hairpin interference RNA (shRNA) against both JP1
and JP2 to skeletal muscle ﬁbers in adult mice and examined
the changes in junctional membrane structure resulting from
acute knockdown of JP1 and JP2. Our results demonstrate
that suppression of JP1 and JP2 in skeletal muscle leads to
disruption of the triad junction structure, defective store-
operated Ca21 entry (SOCE), reduced SR Ca21 stores, and
altered SR Ca21 release in adult skeletal muscle ﬁbers.
MATERIALS AND METHODS
shRNA constructs
Initial screening experiments for RNAi probes to suppress JP1 and JP2 were
conducted using several synthetic siRNA oligonucleotides targeting con-
served regions between the mouse jp1 and jp2 cDNAs. Using JP1- and JP2-
speciﬁc antibodies (4), Western blot analysis revealed one particular probe
(as shown in Fig. 1 B) that was highly effective at silencing the expression of
both JP1 and JP2. This probe was used for further studies by cloning
synthesized oligonucleotides that targeted this conserved sequence in mouse
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jp1 (nt. 836–856) and jp2 (nt. 848–868) cDNAs: 59-GATCCACCTACAT-
GGGCGAGTGGATTCAAGAGATCCACTCG CCCATGTAGGTTTTT-
TCTCGAGG-39 and 59-AATTCCTCGAGAAAAAAACCTAC ATGGGC-
GAGTGGATCTCTTGAATCCACTCGCCCATGTAGGTG-39 into vari-
ous vectors. As a control, oligonucleotides targeting a speciﬁc sequence in
the luciferase cDNA, 59-GATCCGTGCGCTGCTGGTGCCAACTTCAA-
GAGATTTTTTGCTAGCG-39, and 59-AATTCGCTAGCAAAAAATCT-
CTTGAAGTTGGTACTAGCAACGCACG-39, were also synthesized. These
oligonucleotides were annealed to the BamHI and EcoRI restriction sites of
the pSIREN-DNR plasmid (Clontech, Palo Alto, CA) for synthesis of
shRNA interference probes. In addition, the enhanced green ﬂuorescent
protein (GFP) expression cassette from pCMS-EGFP plasmid (Clontech)
was inserted into the pSIREN-DNR vector, resulting in the generation of
pU6-EGFP (shRNA) and pU6-EGFP (control) constructs. For viral
packaging, a separate plasmid, pU6-dsRED(shRNA), was derived from
the pShuttle vector (Clontech) by two subcloning steps. First, a red ﬂuo-
rescence protein (RFP) cDNA was inserted behind the cytomegalovirus
promoter. Second, the U6-shRNA cassette from pSIREN-DNR was ligated
into the pShuttle backbone. The SceI and I-CeuI restriction fragment from
pU6-dsRED (shRNA) was then shuttled into the Adeno-X DNA vector
(Clontech) to create the Ad-shRNA plasmid. Ad-shRNA virus was packaged
and ampliﬁed in HEK 293 cells according to the manufacturer’s protocol
(Adeno-XTM expression system, Clontech). Control viruses were generated
in an identical manner using the shRNA sequence-targeting luciferase.
Gene transfection and viral infection
C2C12 myogenic cells, cultured in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) containing 10% fetal bovine serum, 10% horse serum, and
penicillin-streptomycin supplement, were transfected with either pU6-
EGFP (control) or pU6-EGFP (shRNA) plasmids using GeneJammer
reagent (Stratagene, La Jolla, CA). Eight hours after transfection, the culture
medium was changed to DMEM containing 2.5% horse serum to allow
for differentiation into myotubes. At 4–5 days postdifferentiation, confocal
imaging and immunostaining of individual myotubes were performed.
Viral-mediated delivery of shRNA into adult muscle ﬁbers was achieved
by two separate protocols. First, adult mice (C57BL/J6) were anesthetized
with ketamine (200 mg/kg) and 2 3 108 plaque-forming unit (pfu) of either
Ad-shRNA or Ad-control was injected into the ﬂexor digitorum brevis
(FDB) muscle. At 4–5 days postinjection, individual FDB muscle ﬁbers
were isolated for intracellular Ca21 measurement and confocal imaging
studies. Second, intact bundles of extensor digitorum longus (EDL) muscle
were dissected from C57BL/J6 mice (5–7 weeks of age) and immediately
FIGURE 1 JP and TT/SR coupling
and shRNA-mediated suppression of
JP in mammalian skeletal muscle. (A)
JP is a unique protein that spans the
junctional gap between TT invagination
of cell surface membrane and terminal
cisternae of SR in muscle cells. DHPR
is represented in blue, RyR is shown
in green, store-operated Ca21 channel
is shown in yellow, and JP is in red. (B)
The functional motifs of JP are divided
into three domains: a TM sequence
inserted into the SR membrane, re-
peated ‘‘MORN’’ sequences that ad-
here to the TT membrane, and an
a-helical-rich structure in the middle. The
listed nucleotide sequence represents
the siRNA target. (C) Western blot of
JP1 and JP2 expression in siRNA
oligonucleotide transfected C2C12 my-
otubes performed at day 5 after myo-
tube differentiation, providing over
95% transfection efﬁciency. Controls
represent muscles transfected with a
scramble siRNA probe. p-values of
#0.01 were considered as signiﬁcant
(same criteria in following ﬁgures).
Normalized protein levels with actin
show that shRNAs signiﬁcantly knock
down both JP1 and JP2 (lower panel,
n ¼ 5–8, p ¼ 2.11529E-7 and 0.00358,
respectively) but do not affect the
expression of RyR1, DHPR, SERCA2,
and CSQ in C2C12 myotubes. (D)
Immunostaining of C2C12 myotubes
transfected with the pU6-EGFP (with
luciferase shRNA as control) and
pU6-EGFP (shRNA), providing ;30%
transfection efﬁciency. Transfected
cells are labeled with GFP, and red ﬂuorescence represents staining of JP1 and JP2 with speciﬁc antibodies. Any yellow ﬂuorescence in RNAi panels
likely results from the presence of overlapping nontransfected myotubes in the cell layers. These pictures were representative of 16 experiments.
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infected with 2 3 108 pfu of Ad-shRNA or Ad-control viruses. The muscle
ﬁbers were cultured in DMEM with 2.5% horse serum for 5 days. Then,
individual EDLmuscle ﬁbers were dissociated and mechanically skinned for
confocal measurements of SOCE.
Muscle dissection and mechanical skinning
The procedures of muscle dissection and skinning were described in our
previous studies (7). Intact EDL muscle ﬁbers were infected with Ad-
shRNA or Ad-control viruses and maintained in DMEM containing 2.5%
horse serum for 3–5 days. Over this culture period, only muscle ﬁbers that
retained normal contractile functions as evidenced by an intact striation
pattern as well as normal contractile properties were utilized. This culture
period not only allows virus infection and shRNA-mediated gene expression
knockdown, it also eliminates damaged ﬁbers from being used in functional
assays as minor damage introduced during the dissection step is ampliﬁed
during the culturing period and leads to death of the muscle ﬁber.
Confocal microscopy for SOCE measurements
Viral-infected, isolated muscle ﬁbers were mechanically skinned in the
presence of an intracellular-like solution containing 500 mM Rhod-5N
ﬂuorescent Ca21 indicator and a total [Ca21] of 500 mM (7,8). The con-
comitant use of Rhod-5N and Ca21 prevented contraction of muscle during
the skinning procedure since Rhod-5N functions as a Ca21 chelator, and
ionized Ca21 is essentially zero under these conditions. To measure SOCE,
changes in Rhod-5N ﬂuorescence trapped inside the TT membrane of
skinned muscle ﬁbers was monitored with a BioRad (Hercules, CA)
Radiance2100 laser scanning confocal system attached to a Nikon (Tokyo,
Japan) inverted microscope with 603, numerical aperture 1.4 objective, and
543-nmHeNe laser. Priming and Ca21 loading into the TT compartment were
accomplished through 2 min exposure of skinned ﬁbers to (in mM) 110
K-glutamate, 30 Na-glutamate, 6.5 MgCl2, 15 creatine phosphate, 5.0 ATP, 20
BES (2-[bis(2-hydroxyethyl)amino]ethanesulfonic acid), 2.5 mg/ml creatine
phosphokinase, pCa 7.0, pH 7.1. Loading of Ca21 into SR was performed in
FIGURE 2 Uncoupled SOCE activation in C2C12 cells
after silencing of JP1 and JP2. (A) Representative traces of
percentage changes in ratio of ﬂuorescence at excitation
of 360 and 380 show that addition of 20 mM TG (arrow)
induced passive Ca21 release from SR Ca21 stores (left
panel). In JP shRNA-treated C2C12 myotubes (gray,
n ¼ 4), SR Ca21 stores are signiﬁcantly less than that in
myotubes transfected with pU6-EGFP-control plasmids
(black, n ¼ 5) indicated by reduced TG-releasable Ca21
(right panel). (B) Quenching of intracellular Fura-2
ﬂuorescence by the entry of extracellular Mn21 (0.5
mM) reveals graded and sigmoidal activation of SOCE in
C2C12 myotubes transfected with control plasmids (black,
n ¼ 5). In JP shRNA-treated C2C12 myotubes (gray) the
sigmoidal phase of Fura-2 quenching by Mn21 was
completely absent, indicating defective SOCE (n ¼ 4).
(C) To examine the changes in the maximum degree of
SOCE activation, C2C12 cells were incubated with TG for
an extended period of time to ensure complete depletion of
their SR Ca21 stores. Compared with the control (n ¼ 4,
maximum quenching rate is 9.96 6 0.88%/min), the
maximum activation of SOCE was reduced in siRNA-
transfected C2C12 myotubes (n ¼ 5, maximum quenching
rate is 4.99 6 1.40%/min) by ;50%. p , 0.005.
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a solution containing 140 K-methanesulfate, 6.5 MgCl2, 15 creatine
phosphate, 5.0 ATP, 20 BES, 5.0 EGTA, 2.5 mg/ml creatine phosphokinase,
pCa 6.6, pH 7.1. Depletion of the SR Ca21 store, which leads to activation of
SOCE was initiated through application of 30 mM caffeine and 20 mM
thapsigargin (TG) in a solution containing 140 K-methanesulfate, 5.0
MgCl2, 5 creatine phosphate, 1.0 ATP, 20 BES, 3.0 EGTA, 7.0 BAPTA,
pCa 8.5, pH 7.1. All solutions contained 5 mM carbonyl cyanide
p-(triﬂuoromethoxy) phenyl hydrazone to speciﬁcally inhibit Ca21 buffering
by mitochondria.
Electron microscopy
Electron microscopy (EM) studies were performed following our published
protocols (6). Brieﬂy, skeletal muscles were ﬁxed in 3% paraformaldehyde,
2.5% glutaraldehyde, and 0.1 M cacodylate buffer (pH 7.4) and later
postﬁxed in 1% OsO4 and 0.1 M cacodylate buffer (pH 7.4). Microthin
sections were double stained with uranyl acetate and lead citrate. These
sections were examined under a transmission electron microscope (JEM-
1010; JEOL, Tokyo, Japan).
Intracellular Ca21 measurement
Confocal microscopy (BioRad Radiance2100) was used to resolve the
spatial and temporal distribution of intracellular Ca21 concentrations in in-
dividual muscle cells with a 488-nm Argon laser. FDB ﬁbers were loaded
with 10 mM Fluo-4-AM for 15 min, prepared in 2 mM Ca21 balanced salt
solution containing (in mM): 137 NaCl, 5.4 KCl, 1.2 MgCl2, 1.0 NaH2PO4,
10 glucose, and 10 HEPES at pH 7.4. A ﬁeld stimulation of 1 Hz was
employed to induce Ca21 release from the SR after cells were bathed in a
solution containing 0 Ca21. VICR was shown as DF/F0, F0 was the Fluo-4
signal without ﬁeld stimulation. The recovery of VICR is represented by per-
centage of VICR (DF/F0) compared with VICR (DF/F0) before removal of
extracellular Ca21.
For quantitative measurements of intracellular [Ca21], C2C12 myotubes
at day 4 or 5 after differentiations or FDB muscle ﬁbers were loaded with
5 mM Fura-2-AM. A dual-wavelength (excitation at 340 nm and 380 nm)
PTI spectroﬂuorometer (Photon Technology International, Birmingham, NJ)
was used to determine the kinetic changes of caffeine-induced intracellular
Ca21 transients (9). The ratio of F340 and F380 (emission at 510 nm) was used
to represent [Ca21]i.
Statistics
One-way analysis of variance using OriginPro 7.0 software (OriginLab,
Northampton, MA) was performed for statistical analysis. A p-value of
,0.05 was considered statistically signiﬁcant for all experiments, except for
EM analyses where a p, 0.01 was required for statistical validation of data.
RESULTS
shRNA-mediated suppression of JP1 and JP2 in
mammalian skeletal muscle
As shown in Fig. 1 A, JP contains a transmembrane (TM)
sequence at the carboxyl-terminus that integrates into the SR
membrane and repeated motifs that adhere to the TT mem-
brane amino terminus. Between these domains, JP contains a
high degree of a-helical structure that presumably provides
elastic coupling between TT and SR membranes (Fig. 1 B).
Based on Western blot analysis, it has been conﬁrmed that
both JP1 and JP2 are expressed in skeletal muscle (5). Sys-
temic ablation of either JP1 or JP2 in mice results in em-
bryonic or neonatal lethality (4,6).
To overcome the lethality associated with germ-line
ablation of JP and to examine the effects of acute knockdown
of JP in adult muscle ﬁbers, we used RNA interference to
suppress the expression of both JP1 and JP2 in individual
muscle cells. A small interference RNA (siRNA) oligonu-
cleotide probe against a speciﬁc cDNA sequence shared by
JP1 (nt. 836–856) and JP2 (nt. 848–868) was found to be
highly effective in knocking down the expression of both JP1
and JP2 in cultured C2C12 skeletal myotubes (Fig. 1 C). JP1
and JP2 expression levels in differentiated C2C12 myotubes
was reduced to 22% and 29%, respectively, of the level ob-
served in myotubes transfected with control siRNA. Spec-
iﬁcity of this probe to JP1 and JP2 was conﬁrmed by
establishing that no signiﬁcant changes in expression levels
of major Ca21 regulatory proteins, including calsequestrin
(CSQ), ryanodine receptor (RyR), dihydropyridine receptor
(DHPR), and SR Ca21 ATPase (SERCA) was detected in
C2C12 cells treated with the JP siRNA oligonucleotide.
Immunostaining of C2C12 myotubes transfected with
plasmid coding for a shRNA targeting the same position as
the siRNA oligonucleotide on JP1 and JP2 revealed ex-
tensive downregulation of both JP1 and JP2 (Fig. 1D). Trans-
fected cells were identiﬁed by the green ﬂuorescence of GFP,
and red ﬂuorescence indicates staining for JP1 and JP2 with
speciﬁc antibodies. Cells transfected with the control shRNA
showed yellow signal, representing coexpressing patterns of
green and red ﬂuorescence, whereas those transfected with
the speciﬁc shRNA plasmid showed only green signal, dem-
onstrating the absence of red ﬂuorescent staining for both
JP1 and JP2. Due to the low efﬁciency (;30%) of liposome-
mediated transfection of plasmids of pU6-EGFP (control)
and pU6-EGFP (shRNA), C2C12 cells positive for red
FIGURE 3 Reduced caffeine-induced Ca21 release in C2C12 cells after
silencing of JP1 and JP2. C2C12 myotubes transfected with pU6-EGFP-
shRNA (gray) or pU6-EGFP-control (black) were loaded with 5 mMFura-2-
AM. Individual transfected cells were selected for Ca21 measurements by
the presence of a GFPmarker. (A) A total of 10 mM caffeine was added to the
extracellular solution without Ca21, indicated by an arrow. Cells transfected
with the shRNA plasmid displayed a smaller amplitude in caffeine-induced
Ca21 transients than in control cells. (B) The difference in peak amplitude of
caffeine-induced Ca21 transients is statistically signiﬁcant between the
control and shRNA-treated C2C12 myotubes (n $ 15, p , 0.01). Data are
presented as mean 6 SE.
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ﬂuorescence labeling alone represent those cells that are not
transfected with plasmid. However, in the following func-
tional measurements in C2C12 myotubes, we could select
transfected cells using GFP as a marker.
Uncoupled SOCE activation and reduced
intracellular Ca21 release in C2C12 cells after
silencing of JP1 and JP2
C2C12 myotubes contain abundant SOCE that can be
activated upon depletion of SR Ca21 stores (9,10). We used
20 mM TG to completely deplete SR Ca21 (Fig. 2 A, left).
TG-sensitive SR Ca21 stores in myotubes transfected with
shRNA against JPs comprised ;60% of the Ca21 stores in
control myotubes (Fig. 2 A, right). Quenching of intracellular
Fura-2 ﬂuorescence by the entry of extracellular Mn21 (0.5
mM) via store-operated Ca21 channel reveals graded and
sigmoidal activation of SOCE in C2C12 myotubes trans-
fected with control plasmids (Fig. 2 B). Clearly, operation of
SOCE in shRNA-treated C2C12 myotubes was altered as the
sigmoidal phase of Fura-2 quenching by Mn21 was com-
pletely abolished.
To examine the changes in the maximum degree of SOCE
activation, C2C12 cells were incubated with TG for an ex-
tended period of time to ensure complete depletion of their
SR Ca21 stores. Under these conditions, addition of Mn21 to
theextracellular solution resulted inrapidand linearquenching
of Fura-2 ﬂuorescence in C2C12 cells transfected with the
control plasmid. Compared with the control, the maximum
activation of SOCE was signiﬁcantly reduced in siRNA-
transfected C2C12 myotubes (Fig. 2 C).
FIGURE 4 Suppression of JP1 and JP2 leads to defec-
tive triad junction in skeletal muscle. (A) A typical sample
of FDB muscle infected with adenovirus packaged with
shRNA against JP1 and JP2, taken 4 days postinjection of
virus. Red color represents RFP ﬂuorescence, indicating
infected ﬁbers. (B) Western blot of JP1 and JP2 expression
in skeletal muscle ﬁbers, 4 days postinfection with ade-
noviruses packaged with nonspeciﬁc shRNA (control) and
speciﬁc shRNA against JP1 and JP2 (RNAi). Similar to
results in C2C12 cells, normalized protein levels with actin
show that shRNAs signiﬁcantly knock down both JP1 and
JP2. (C) Defective triad junction in skeletal muscle,
examined by EM. Top panel shows a typical muscle ﬁber
from the Ad-cont-infected mice, and the bottom panel
shows a typical muscle ﬁber from the Ad-shRNA-infected
mice. Scale bar indicates 0.2 mm. The sides of A-I junc-
tional regions of myoﬁbrils where triads are expected to be
present were observed. In the case where normal paired
triad junctions (yellow box) ﬂanking each Z-disk could not
be observed by eye, such regions were assigned ‘‘de-
formed triad’’. TT and SR without coupling were seen in
the ‘‘deformed triad’’, and such membrane structures were
not seen very frequently at the regions analyzed (,20% in
all counted). Muscle infected with Ad-cont resembles
wild-type, with normal SR/TT/SR architecture (yellow
box), whereas in Ad-shRNA-infected muscle triad junc-
tions are frequently deformed (red arrow) or missing (blue
arrow). (D) Bar graph shows the summarized data ob-
tained from the EM analyses of more than 1000 A-I
junctional regions from 11 muscle specimens obtained
from 6 different animals. p ¼ 0.00381 (left panel) and
0.0453 (right panel). To insure accuracy in morphological
assessment, we increased stringency for statistical signif-
icance. p-value ,0.01 was considered statistical signiﬁ-
cance. Data presented as mean 6 SE.
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Next we used caffeine, an agonist of the RyR Ca21 chan-
nel, to investigate how acute downregulation of JPs alters SR
Ca21 release in C2C12 myotubes. As shown in Fig. 3 A,
C2C12 myotubes transfected with control plasmids responded
with rapid caffeine-induced Ca21 transients with a sharp de-
caying phase (n ¼ 19). In contrast, myotubes transfected
with the shRNA plasmid displayed signiﬁcantly reduced
Ca21 transient amplitude (n ¼ 15) (Fig. 3 B).
Disrupted triad junction structure in adult
skeletal muscle ﬁbers with acute suppression
of JP1 and JP2
Packaging of shRNA sequence into adenovirus enabled
direct examination of the changes in membrane architecture
associated with JP suppression in adult muscle ﬁbers. For this
purpose, FDB muscles in living mice were injected with the
Ad-shRNA speciﬁc for JP1 and JP2 or Ad-control with RFP
as marker. As shown in Fig. 4, A and B, 4 days after infection
of the FDB muscle, signiﬁcant downregulation of JP1 and
JP2 could be detected by Western blot of whole muscle ex-
tracts. The lesser degree of JP1 and JP2 suppression in FDB
muscle compared with C2C12 myotubes likely reﬂects the
mosaic effect of Ad-shRNA infection following injection
into anatomical muscles (Fig. 4 A).
The periphery of A-I junctional regions of myoﬁbrils
where triads are expected to be present were analyzed by
EM, which revealed altered triad structures in FDB muscles
infected with Ad-shRNA (Fig. 4 C). The regions, where
normal alignment of SR/TT/SR could not be observed at
individual myoﬁbrils, were termed ‘‘deformed triads’’. For
statistical analysis, 11 muscle specimens from six mice were
prepared, and 100–130 A-I junctional regions per prepara-
tion were examined (Fig. 4 E). Due to the heterogeneity of
membrane structure in FDB muscle, two parameters were
used in this analysis: a) regions with deformed triad junction,
and b) regions with missing triad junction. As shown in Fig.
4 D, the number of deformed triad junctions was signiﬁ-
cantly higher in Ad-shRNA-infected muscles as compared to
those infected with Ad-control (p , 0.005). In addition, the
percentage of missing triads in Ad-shRNA-infected FDB
muscle increased; however, this difference did not achieve
our stringent threshold for statistical signiﬁcance (p ¼
0.0453).
Uncoupling of SOCE in adult muscle ﬁbers
infected with shRNA for JP1 and JP2
Structural changes in triad junctions apparently led to
changes in adult muscle cell Ca21 homeostasis similar to
those seen with JP suppression in C2C12 myotubes. We
tested if downregulation of JPs could affect the function of
SOCE using a skinned EDL muscle ﬁber preparation (7). To
allow acute suppression of JP in individually isolated EDL
muscle ﬁbers, these ﬁbers must be cultured for up to 5 days
before skinning to allow for adenoviral infection and JP sup-
pression. Under our experimental conditions, ﬁbers cultured
for 3–5 days maintained normal contractile function in
response to voltage stimulation (Fig. 5 A). Mechanical skin-
ning of these cultured ﬁbers did not disrupt the contractile
apparatus, as evidenced by the normal force versus pCa
relationship displayed by these preparations (Fig. 5 B). High-
resolution confocal imaging of Rhod-5N ﬂuorescence
reveals the expected doublet pattern of the TT membrane,
FIGURE 5 Cultured skeletal muscle ﬁbers maintain structural and
functional integrity. (A) An intact EDL muscle ﬁber after culturing for 4
days was mounted onto an optoelectric force transducer as previously
described (7,25). Presented trace is force produced upon electrical stimu-
lation at 1, 5, and 50 Hz. (B) Cultured EDL ﬁbers were permeabilized with
Triton X-100. Ca21-activated contractile force was measured at indicated
pCa. Secondary upward inﬂections in the force tracings are mechanical
artifacts of transferring a ﬁber between chambers with different pCa con-
ditions. (C) Confocal imaging of Rhod-5N trapped inside the sealed TT
membranes. Arrows indicate the doublet pattern in TT membranes typical of
mammalian skeletal muscle. Similar results were obtained in at least three
experiments. Scale bar represents 5 mm. (D) To conﬁrm dye localization and
the absence of cross loading of TT and SR, ﬁber was exposed for 5 min to a
relaxing solution containing 50 mg/ml saponin, which only hyperpermea-
bilizes the sarcolemma, leaving the SR intact. Fluorescence levels in
saponin-treated ﬁbers decreased to levels comparable to background levels,
suggesting that Rhod-5N was primarily localized in the TT.
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suggesting the integrity of membrane structures is main-
tained and illustrating the speciﬁcity of dye loading into TT
(Fig. 5 C). EDL muscle ﬁbers infected with Ad-control virus
showed comparable contraction with normal ﬁbers when the
ﬁbers were treated with caffeine in solution without high con-
centration of EGTA and BAPTA to buffer Ca21, suggesting
that virus infection alone did not affect the ﬁbers contrac-
tility. To conﬁrm that Rhod-5N is localized to the TT com-
partment, we treated the skinned ﬁbers with saponin, which
led to complete loss of ﬂuorescence (Fig. 5D), indicating not
only proper dye compartmentalization but also absence of
cross loading with other subcellular organelles.
As shown in Fig. 6 A, treatment of the skinned muscle
ﬁber with TG and caffeine leads to a time-dependent acti-
vation of SOCE and an efﬂux of Ca21 across the TT mem-
brane, as indicated by the decrease in ﬂuorescence of Rhod-5N
trapped inside the TT compartment. The delay interval of
,60 s between the start of SR depletion and the onset of
Ca21 efﬂux from the TT is consistent with the time required
for TG to fully block the SERCA pump and, in combination
with caffeine, cause the depletion of SR Ca21. Ca21 efﬂux
from the TT caused a decrease of Rhod-5N ﬂuorescence that
was not inﬂuenced by nifedipine, a known antagonist of the
L-type Ca21 channel (not shown). Instead, it was inhibited by
2-amino ethyoxyldiphenyl borate (2-APB, 50 mM), a known
blocker of SOCE (11) (Fig. 6 B). Suppression of JP1 and JP2
expression in skinned muscle ﬁbers leads to a remarkable
uncoupling of SOCE, as shown by the maintenance of TT
Rhod-5N ﬂuorescence after exposure to TG and caffeine
(Fig. 6 C), which indicates that Ca21 remains trapped in the
TT. These results in adult muscle ﬁbers are similar to those
shown in Fig. 2, where silencing of JP1 and JP2 results in a
loss of graded activation of SOCE in C2C12 myotubes.
Abnormal maintenance of intracellular Ca21
storage in adult muscle ﬁber with suppression
of JP1 and JP2
Similar to the results seen inC2C12myotubes, downregulation
of JP1 and JP2 also leads to abnormal caffeine-induced Ca21
release across the SR membrane in intact skeletal muscle (Fig.
7). A diminished caffeine-induced SR Ca21 transient in the
shRNA-treated muscle ﬁbers suggests that the storage of Ca21
inside the SR was reduced (Fig. 7 A). This is also suggested by
decreased Ca21 stores observed in C2C12 myotubes trans-
fected with JP shRNA, as measured by TG application (Fig.
2 A). Furthermore, reduced expression of JP1 and JP2 resulted
in elevated levels of resting cytosolic [Ca21] and prolongation
of caffeine-induced Ca21 release (Fig. 7 B).
FIGURE 6 Uncoupling of SOCE in skel-
etal muscle infected with shRNA for JP1
and JP2. (A) Time-dependent changes of
Rhod-5N ﬂuorescence in skinned EDL
ﬁbers infected with Ad-control viruses
were monitored using a confocal micro-
scope after addition of 20 mM TG and 30
mM caffeine (marked by arrow). Gradual
decrease in Rhod-5N ﬂuorescence indicates
SOCE activity (n¼ 9). (B) Preincubation of
the skinned muscle ﬁber (treated with Ad-
control) with 50 mM 2-APB signiﬁcantly
prevented the decrease of Rhod-5N ﬂuo-
rescence after the addition of TG and
caffeine (n ¼ 9). (C) Viral-mediated deliv-
ery of the shRNA for JP1 and JP2 into the
EDL muscle ﬁber resulted in uncoupling of
SOCE in the skinned muscle preparation.
The TG- and caffeine-triggered decrease of
Rhod-5N ﬂuorescence was signiﬁcantly
less in the Ad-shRNA-infected muscle ﬁber
(n¼ 8). Traces on the right are mean values
for the indicated number of experiments
per condition. The scale bars represent 5mm
for all images.
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To investigate the effects of JP1 and JP2 knockdown on
voltage-induced Ca21 release (VICR), we repetitively stim-
ulated (1 Hz) muscle ﬁbers loaded with Fluo-4 in a Ca21-free
solution. This led to a progressive loss of Ca21 from SR,
with eventual depletion of SR Ca21 stores occurring within
10 min in muscle ﬁbers infected with the control shRNA
(Fig. 8 A). In contrast, the JP-speciﬁc shRNA-treated muscle
ﬁbers lost their SR Ca21 content signiﬁcantly faster upon
removal of extracellular Ca21. For example, at 3 min after
changing the extracellular [Ca21] from 2 mM to 0 mM,
;50% of VICR remained in the control muscle, whereas
VICR dramatically reduced to,10% in shRNA-treated mus-
cle (Fig. 8 B). At 7 min, VICR cannot be detected in the
shRNA-treated muscle, although progressive elevation of
resting cytosolic [Ca21] and enhanced spreading of the Ca21
wave became evident in the shRNA-treated muscle ﬁbers
following repetitive voltage stimulation, indicating that
silencing of JP genes may lead to uncontrolled function of
Ca21-induced Ca21 release (CICR) in skeletal muscle.
Although prolonged exposure of the muscle ﬁber to a
Ca21-free solution results in Ca21 homeostasis changes that
result in depletion of SR Ca21 storage, the SR can be re-
plenished through addition of Ca21 to the extracellular so-
lution. More than 70% recovery of VICR was observed with
the control muscle 20 min after addition of 2 mMCa21 to the
extracellular solution (Fig. 8 C). Further studies showed that
the SR depletion-reﬁlling process is reversible and repeat-
able with the control muscle (n ¼ 14). However, only partial
recovery of VICR was observed in the shRNA-treated mus-
cle ﬁbers, even after extended (.35 min) exposure to 2 mM
Ca21. This result is consistent with the defective SOCE
mechanism as shown in Fig. 6.
DISCUSSION
Our studies reveal that JP is essential for the maintenance
TT/SR junctional structures and thus participates in the main-
tenance of intracellular Ca21 homeostasis, allowing growth
and survival of muscle cells. Partial suppression of JP1 and
JP2 is accompanied by reduced SOCE in skeletal muscle.
The disruption of TT/SR structure as a result of suppression
of JP1 and JP2 demonstrates that retrograde signaling from
SR to TT is important in the activation of SOCE. This could
either involve a diffusible second messenger (12,13) or re-
quire direct interaction between protein components on the
TT and SR membranes (9,14). Knockdown of JP1 and JP2
also reduced SR Ca21 stores, which could be due to com-
promised SOCE preventing replenishment of intracellular
Ca21 stores and/or increased leakage of the SR Ca21 pool—the
latter supported by our ﬁndings of altered caffeine-induced
Ca21 release. Although reduced amplitude of caffeine-induced
Ca21 release was consistent with reduced SR Ca21 stores,
the intriguing observation of prolonged decay time in Ca21
transient in adult FDB muscles suggested either enhance-
ment of CICR or impaired SERCA Ca21 uptake in muscles
with suppression of JP1 and JP2. Although here we cannot
distinguish the two mechanisms, it is likely that abnormal
CICR is a contributor since uncoupling of TT and SR mem-
branes by JP1 and JP2 suppression may lead to the loss of an
orthograde inhibitory function of the TT membrane on RyR
channel activity. In fact, such an inhibitory relationship be-
tween these intimately apposed membrane structures has
been previously suggested (15,16). It is noteworthy to men-
tion that prolongation of Ca21 transients observed in adult
FDB muscles was not signiﬁcant in C2C12 myotubes treated
with shRNA against JPs. Although we cannot precisely pin-
point the mechanisms for this difference, we speculate that
either the stage of triad maturation or other developmental
issues related to C2C12 myotubes as compared to adult
muscles likely played a role in producing such differences.
FIGURE 7 Altered CICR activity in skeletal muscle with suppression of
JP1 and JP2. (A) Viral-infected, enzymatically dissociated FDBmuscleswere
loaded with 5 mM Fura-2-AM. A total of 10 mM caffeine was added to the
extracellular solution containing 0 [Ca21] (arrow). Fibers infected with Ad-
control virus (black) responded with rapid caffeine-induced Ca21 transients
with a sharp decaying phase. Occasionally, a second spontaneous Ca21
transient occurred in the presence of caffeine, probably reﬂecting contraction
induced in the continuous exposure to caffeine. Fibers infected with Ad-
shRNA virus (gray) displayed elevated resting cytosolic [Ca21] as well as
smaller and prolonged caffeine-induced Ca21 transients. (B) Averaged data
from multiple experiments. Open circles (Ad-control) or solid circles (Ad-
shRNA) represent individual ﬁbers, horizontal bar represents the mean, and
error bars are one standard deviation (n ¼ 7–12); p-values for peak Ca21
transient, half decay time, and resting Ca21 are 0.0001, 0.03, and 0.00153,
respectively. Statistical outliers (2 6 SD as cutoff value) were excluded.
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Our parallel studies in cultured C2C12 myotubes and
freshly isolated FDB muscle ﬁbers, as well as primary EDL
muscle ﬁbers maintained in culture, provide a systematic
approach to evaluate the role of JP in intracellular Ca21
signaling. Using C2C12 cells, we were able to rapidly screen
for highly effective RNAi probes that target multiple JP
isoforms. Using GFP or RFP as markers we were able to
select individual muscle cells affected by JP suppression
during our functional assays. During the course of our
studies, we were able to maintain the contractile and struc-
tural integrity of cultured muscle ﬁbers for an extended
period to allow adenoviral-mediated RNAi repression of JP
expression. In addition, the extension of the skinned muscle
ﬁber preparation from amphibian (8) to mammalian muscle
ﬁbers provides us an ex vivo method to directly test the role
of JPs in regulating the function of SOCE.
In our studies of triad membrane structure, we observed
fewer disrupted triad junctions than we expected considering
the dramatic changes in SOCE and CICR observed with JP
suppression. There are intrinsic factors in these experiments
that may contribute to the limited extent of triad junction
disruption detected by EM. The lower efﬁciency of JP1 and
JP2 suppression in adult muscle ﬁbers probably reﬂects the
localized effect of shRNA infection, as well as the nonlinear
correlation between protein suppression and muscle function
observed in numerous biological systems (17–19).
During the Ca21 measurement assays, transfected C2C12
cells or infected muscle ﬁbers can be selected by ﬂuorescent
markers; however, such selection of infected ﬁbers is not
viable in EM sections. Notice that the measurements of
VICR and CICR in shRNA-treated muscle ﬁbers are rel-
atively variable, with some ﬁbers exhibiting complete abol-
ishment of CICR, whereas in others the reduction is much
less. This probably reﬂects a variable degree of JP suppres-
sion in the individual muscle ﬁbers, a ﬁnding that reinforces
the physiological importance of a normal JP expression for
maintenance of a health status in skeletal muscle cells.
Chronically dysfunctional CICR activity and/or impaired
SR Ca21 uptake could lead to an elevated intracellular Ca21
level, which may underlie some of the phenotypic changes
associated with muscular dystrophies, muscle fatigue, heart
failure, neurodegeneration, and other human diseases (20–
22). Mutations in JP3, the brain isoform of JP, are linked
to Huntington disease (23). JP2 has been reported to be
downregulated in hypertrophic and dilated cardiomyopathic
mouse models (24). Recent data from our laboratory have
suggested that altered expression of JP2 and JP1 is asso-
ciated with heart failure and muscle aging (N.Weisleder, J.
Ma, and Z. Pan, unpublished data). Therefore, understanding
the mechanisms of JP modulation of Ca21 signaling should
provide important insights not only into the molecular
understanding of the E-C coupling machinery, but also into
therapies for human diseases. Although the lethality associ-
ated with germ-line ablation of JP1 and JP2 has complicated
the study of the cell biological and physiological functions of
JPs in animal models, our studies presented here demonstrate
the potential of knocking down the expression of JPs using
speciﬁc shRNA probes. In principle, one could extend this
methodology to an in vivo animal model using regulated,
tissue-speciﬁc expression of shRNA probes to modulate the
FIGURE 8 Abnormal maintenance of intracellular Ca21
storage in skeletal muscle with suppression of JP1 and JP2.
(A) Confocal line scan measurement of voltage-induced
Ca21 transients in viral-infected FDB muscle cells (loaded
with 10 mM Fluo-4-AM). Time elapsed from the removal
of extracellular Ca21 is indicated. Changes in the trans-
verse dimension of the confocal image are due to variations
in ﬁber shape at different line scan positions. (B) Decline of
VICR with time in 0 [Ca21]o is averaged from multiple
experiments (n ¼ 5 for Ad-control, n ¼ 7 for Ad-shRNA).
Circles represent individual Ad-control ﬁbers (black);
triangles represent Ad-shRNA ﬁbers (red). Normalized
VICR with VICR at time 0 is replotted to demonstrate the
depletion rate of SR Ca21 stores (inset panel). (C) After
ﬁeld-stimulated depletion of SR Ca21 content, 2 mM Ca21
was restored to the extracellular solution. The recovery of
VICR was measured 20 min later (n ¼ 8 for Ad-control;
n ¼ 7 for Ad-shRNA). Increasing the recovery time to 35
min did not signiﬁcantly inﬂuence the response in Ad-
shRNA muscle ﬁbers. Data are presented as the mean with
error bars representing one standard deviation, p , 0.001.
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expression of JPs in the heart, muscle, and neurons. Such an
animal model should be valuable to investigate the regula-
tion and adaptation processes of Ca21 signaling in the path-
ophysiology of human diseases.
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